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Abstract We prepared gold nanoparticles encapsulated in poly(ami-
doamine) (PAMAM) dendrimers as templating agents. The resulting
gold nanoparticles were used as catalysts for the carboxylative cycliza-
tion of propargylic amines with carbon dioxide to afford the corre-
sponding 1,3-oxazolidin-2-ones in yields of up to 99%.
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The capture, fixation, and utilization of carbon dioxide
(CO,) have become important scientific and technological
objectives because CO, is nontoxic, nonflammable, abun-
dant, and easily available.! Moreover, CO, is one of the most
attractive C; building blocks for replacing such toxic re-
agents as phosgene and carbon monoxide.2 However, in the
case of chemical transformations of CO,, high pressures of
CO, and high reaction temperatures are required because of
the thermodynamic stability and kinetic inertness of CO,.
Nevertheless, many transformations of CO, have been stud-
ied with the aim of achieving sustainable development and
green syntheses. One of the useful transformations of CO, is
the carboxylative cyclization of propargylic amines with
CO, to give 1,3-oxazolidin-2-ones.>* Recently, various in-
vestigations of this reaction catalyzed by organometallic
complexes of various transition metals such as ruthenium,’
palladium,® silver,” and gold® have been conducted.

Metal nanoparticles have great potential in the field of
catalysis.® The large surface area of metal nanoparticles
promotes their catalytic activity, resulting in rapid chemi-
cal transformations with excellent product yields. Recently,
gold nanoparticles have been reported to act as efficient
catalysts for the cycloisomerization of 2-alkynylanilines to
give indole derivatives.!® This transformation was attribut-
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ed to the formation of alkenyl gold intermediates derived
from the triple bonds of the alkynes.'®!! In addition,
monodisperse gold nanoparticles have been reported to be
readily prepared by the use of poly(amidoamine) (PAMAM)
dendrimers as templates.? Here, we report a carboxylative
cyclization of propargylic amines with CO, to provide 1,3-
oxazolidin-2-ones that is catalyzed by PAMAM-dendrimer-
encapsulated gold nanoparticles.!® In our screening of the
preparation method for the dendrimer-encapsulated gold
nanoparticles as catalysts, the addition of mesoporous car-
bon powder to the prepared gold nanoparticles mixture
was found to be effective in promoting the carboxylative
cyclization of propargylic amines with CO,.

Gold nanoparticles were prepared within the fourth
generation-PAMAM dendrimer (PAMAM 1) by a modifica-
tion of a previously reported synthetic sequence (Scheme
1).12b First, an aqueous solution of hydrogen tetrachloroau-
rate(Ill) was added to an aqueous solution of dendrimer 1
under argon. The resulting mixture was vigorously stirred
for one hour to load the tetrachloroaurate(Ill) ion into the
dendrimer. Next, the tetrachloroaurate(lll) ions were re-
duced to form PAMAM-encapsulated gold nanoparticles
(AuNP@PAMAM) by the addition of aqueous sodium tetra-
hydroborate to the mixture. Immediately after the reduc-
tion, mesoporous carbon powder was added to the reaction
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Scheme 1 Preparation of the carbon-supported PAMAM-encapsulated
gold nanoparticles 2
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mixture to support the AUNP@PAMAM and to prevent ag-
gregation of the gold nanoparticles.'* Thirty minutes after
the addition of the mesoporous carbon, the carbon-sup-
ported PAMAM-encapsulated gold nanoparticles 2 were ob-
tained as an aqueous dispersion.

Scanning transmission electron microscopy (STEM) ob-
servation of 2 revealed the presence of spherical particles of
1-2 nm in diameter as the major component, indicating the
formation of gold nanoparticles (Figure 1).1

10 nm

Figure 1 STEM image of gold nanoparticles 2

Next, the prepared gold nanoparticles 2 were used di-
rectly as a catalyst for the carboxylative cyclization of prop-
argylic amine 3a with CO, (Table 1). CO, at atmospheric
pressure (balloon) was used to displace the argon in the re-
action vessel then amine 3a was added to the aqueous dis-
persion of 2 and the mixture was stirred vigorously at 40 °C
for three hours. The aqueous-phase carboxylative cycliza-
tion of propargylic amine 3a with CO, proceeded smoothly
in the presence of 1 mol% of gold nanoparticles 2 as a cata-
lyst to give 1,3-oxazolidin-2-one 4a in a 79% yield (Table 1,
entry 1). Encouraged by this result, we carried out the car-
boxylative cyclization of 3a in a water-toluene mixture, and
the yield of 4a increased to 96% (Table 1, entry 2). Then, the
carboxylative cyclizations of 3a were performed at various
temperatures in a water-toluene solvent system (Table 1,
entries 2-4), and 1,3-oxazolidin-2-one 4a were obtained in
good chemical yields (>90%), even at room temperature (Ta-
ble 1, entry 3).

Next, to optimize the preparation method for the
PAMAM-encapsulated gold nanoparticles 2 as a catalyst, we
prepared 2 with various HAuCl,/PAMAM ratios, and we
used the resulting samples of 2 (1 mol%) as catalysts for the
carboxylative cyclization of propargylic amine 3a in a wa-
ter-toluene at 40 °C for 15 minutes under CO, at atmo-

Table 1 Carboxylative Cyclization of Propargylic Amine 3a with CO,
under Various Reaction Conditions®

AuNP@PAMAM/C
2° (1 mol% [Au])
= O, (ball
= NHEn CO, (balloon) 5 NBn
3h b
(e}
3a 4a
Entry Solvent Temp (°C) Yielde (%)
1 H,0 40 79
2 H,O-toluene 40 96
3 H,O-toluene r.t. 90
4 H,O-toluene 60 94

2 Reaction conditions: 3a (1 equiv), 2 (1 mol% [Au]), H,0 (0.1 M based on 3a;
entry 1) or 2:1 (v/v) H,0-toluene (0.067 M based on 3a; entries 2-4), 3 h,
CO, (1 atm).

b2: HAuCl,/PAMAM = 20:1 (mol/mol), C/[Au] = 100:1 (w/w).

¢ Determined by integration of '"H NMR absorptions with reference to an
internal standard.

spheric pressure. When 2 was prepared from HAuCl, and
PAMAM in a ratio of 20:1, the 1,3-oxazolidin-2-one 4a was
obtained in moderate yield (62%; Table 2, entry 2).

Table 2 Optimization of the HAuCl,/PAMAM ratio for the Preparation of 2

AuNP@PAMAM/C
22 (1 mol% [Au]) §
= CO;, (ball
NHBn 2 (oaloon) O__NBn
HoO-toluene \ﬂ/
40 °C, 15 min (¢]
3a 4a
Entry? HAuCl,/PAMAM Yield® (%)
1 10 50
2 20 62
3 30 50

32: C[[Au] = 100:1 (w/w).

b Reaction conditions: 3a (1 equiv), 2 (1 mol% [Au]), 2:1 (v/v) H,O-toluene
(0.067 M based on 3a), 40 °C, 15 min, CO, (1 atm).

¢ Determined by integration of 'H NMR absorptions with reference to an
internal standard.

We subsequently optimized the amount of the meso-
porous carbon powder in the preparation of the PAMAM-
encapsulated gold nanoparticles 2 (Table 3). The carboxyl-
ative cyclization of propargylic amine 3a with CO, was car-
ried out for 15 minutes in the presence of 1 mol% of 2, pre-
pared with various C/[Au] (w/w) ratios, as a catalyst.'
When the C/[Au] ratio was 50:1 or 30:1, the 1,3-oxazolidin-
2-one 4a was obtained in fair yields (85% and 82%, respec-
tively; Table 3, entries 2 and 3).'” In addition, it is note-
worthy that the yield of 1,3-oxazolidin-2-one 4a decreased
markedly to 46% when no mesoporous carbon powder was
used (entry 4). This confirmed the importance of meso-
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porous carbon as a support. The use of mesoporous carbon
to support the prepared gold-nanoparticles-containing
PAMAM probably enhances the stability of the gold
nanoparticles by suppressing their aggregation.'®

Table 3 Optimization of the Amount of Mesoporous Carbon Powder
for the Preparation of 2

AuNP@PAMAM/C
22 (1 mol% [Au]) §
= CO; (ball
NHBn 2 (oaloon) O__NBn

H>O-toluene \ﬂ/

40 °C, 15 min (0]

3a 4a

Entryb C/[Au] (w)w) Yielde (%)
1 100 62
2 50 85
3 30 82
4 0 46

2 2: HAuCl,/PAMAM = 20:1 (mol/mol).

b Reaction conditions: 3a (1 equiv), 2 (1 mol% [Au]), 2:1 (v/v) H,0-toluene
(0.067 M based on 3a), 40 °C, 15 min, CO, (1 atm).

¢ Determined by integration of '"H NMR absorptions with reference to an
internal standard.

The time-course curve of the carboxylative cyclization
of a propargylic amine 3a under the optimal conditions (Ta-
ble 3, entry 2) is shown in Figure 2. The reaction was so fast
that the chemical yield of the 1,3-oxazolidin-2-one 4a
reached 99% within half an hour.

AuNP@PAMAM/C
2 (1 mol% [Au])
= CO; (balloon
NHBn 2 ( ) o NBn
HoO-toluene \ﬂ/
40°C (e}
3a 4a
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Figure 2 Time-course curve of the carboxylative cyclization of a prop-
argylic amine 3a

Finally, we performed the carboxylative cyclization of
various propargylic amines 3 at 40 °C under CO, at atmo-
spheric pressure in the presence of 2 as a catalyst (Table
4)."® When N-benzylpropargylic amine (3a) and N-methyl-

propargylic amine (3b) were used as substrates for carbox-
ylative cyclization in the presence of 1 mol% of 2 as catalyst,
the corresponding 1,3-oxazolidin-2-ones 4a and 4b were
obtained in yields of 99 and 89%, respectively (Table 4, en-
tries 1 and 2). In contrast, the presence of an a-methyl
group in 3c resulted in a poor yield of 4¢ (32%), even when 2
mol% of 2 was employed as a catalyst (entry 3). On the oth-
er hand, the presence of a terminal phenyl group in 3d re-
sulted in a moderate yield (76%) of 4d (entry 4), whereas

Table 4 Carboxylative Cyclization of Various Propargylic Amines 3 for
the Synthesis of 42

R2 AuNP @PAMAM/C 2 R MR
— CO, (ball
RI— 2 (balloon) o._ _NR®
NHR3 H,O—toluene hig
40 °C o
3 4
Entry Substrate Product 2° Time  Yield®
(mol% [Au])  (h) (%)
=\ O. _NBn
1 1 10 99
NHBn \[O( (99)¢
3a 4a
2 = O NMe 1 24 89
NHM
3b 4b
Me
Me ; (
3 = O NBn 2 24 32
NHBn \[(
o]
3c 4c
Ph
e
Ph——=
4 NHMe O NMe 2 24 76
b (75
o]
3d 4ad
Me
i el
Me———
5 NHEBn OWrNB" 2 24 11
o}
3e 4e
6 ;;> O_ _NH 2 24 0
NH; \ﬂ/
o)
3f af

2 Reaction conditions: 2:1 (v/v) H,O-toluene [0.067 M based on 3a and 3b
(entries 1 and 2), 0.033 M based on 3c-f (entries 3-6)], 40 °C, CO, (1 atm).
b2: HAuCl,/PAMAM = 20:1 (mol/mol), C/[Au] = 50:1 (w/w).

¢ Determined by integration of 'H NMR absorptions with reference to an
internal standard.

dlsolated yield.
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the presence of a terminal methyl group in 3e resulted in a
low chemical yield (11%) of the corresponding 1,3-oxazoli-
din-2-one 4e (entry 5).2° Finally, when the primary amine
3f was used as a substrate, the corresponding 1,3-oxazoli-
din-2-one 4f was not obtained (entry 6).

Figure 3 shows our proposed mechanism for the carbox-
ylative cyclization of propargylic amine 3 catalyzed by the
PAMAM-encapsulated gold nanoparticles 2. First, 3 reacts
with CO, to form the corresponding carbamic acid 5 in si-
tu.8¢ Carbamic acid 5 is activated by gold nanoparticle-m in-
teractions of the triple bond and also by interaction of the
hydrogen atom of 5 with a tertiary amine moiety of the
PAMAM, as shown in structure 6.4 The corresponding 1,3-
oxazolidin-2-one 4 is then formed, with the regeneration of 2.

R2
AuNP @PAMAM/C RI—
2 NHR3
R! R2 3
A\
M CO,
O\n/NRa
2
0 AuNP in 2 R
R
| Re R _—< .
4 RI—— NR
NR® HO—(
,Q o
o
H o) 5

N

“NRs (PAMAM) in 2

6

Figure 3 Proposed mechanism for the carboxylative cyclization of a
propargylic amine 3 catalyzed by the PAMAM-encapsulated gold
nanoparticles 2

In summary, by employing the PAMAM-dendrimer-en-
capsulated gold nanoparticles as a catalyst, the carboxyl-
ative cyclization of various propargylic amines proceeded
under CO, at atmospheric pressure to afford the corre-
sponding 1,3-oxazolidin-2-ones. Gold nanoparticles of di-
ameter 1-2 nm were successfully prepared within the
PAMAM dendrimers. In addition, we found that the catalyt-
ic activity of the PAMAM-dendrimer-encapsulated gold
nanoparticles increased markedly by addition of meso-
porous carbon powder. Studies on further applications of
this catalyst to other reactions are ongoing.
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